creased in all patients when compared with those in the control group (p < 0.001, <0.001, respectively). We found that there was a significant inverse correlation between serum Ca and α klotho in the studied groups. There was no significant correlation between FGF-23 and α klotho in the studied groups (p > 0.05). We have shown that circulating s-klotho was not related to FGF-23 in CKD, dialysis and KTR patients. In addition, we demonstrated a novel association between serum Ca and s-klotho that needs to be further studied.
Introduction
The klotho gene, name refers to a Greek goddess who spins the thread of life, was originally identified as a mutated gene in a mouse strain that leads to the prematureaging syndrome in an autosomal recessive inheritance [1] .
Klotho results either from direct secretion by the cell or from cleavage of the intracellular domain of the full length protein by secretases. Both processes lead to 'soluble Klotho,' which is found in blood, urine, and cerebrospinal fluid [26] .
The kidney and the parathyroid are the main organs that express klotho. In humans, klotho polymorphisms have been associated with bone mineral density, cardiovascular events (e.g., carotid atherosclerosis, ischemic stroke), life expectancy, biomarkers of metabolic syn-drome (e.g., uric acid levels, lipid and glucose metabolisms), and even with cognitive ability [2] .
Klotho expression in kidney and parathyroid gland identifies these organs as high-affinity fibroblast growth factor 23 (FGF-23) endocrine targets. Thus, the Klotho/ FGFR complex mediates FGF-23 participation in the bone -kidney -parathyroid endocrine axis. In the kidneys, FGF-23, acting on Klotho/FGFR, suppresses phosphate reabsorption and 1,25 (OH) 2 D 3 synthesis; in the parathyroid, FGF-23 suppresses parathyroid hormone secretion [3] .
Thus, FGF23 and Klotho synergize to regulate phosphate homeostasis by enhancing renal phosphate excretion: they do so through the reduction of the number of NaPiIIa and NaPiIIc phosphate co-transporters in the proximal renal tubule and reduction of absorption of intestinal phosphate, the latter following a decreased renal synthesis of 1,25 (OH) 2 D 3 [4] .
It is likely that FGF23-Klotho endocrine axis dysregulation may be involved in the mechanism by which chronic kidney disease (CKD) patients fail to maintain phosphate homeostasis. Thus, CKD may be viewed as a state of FGF23 resistance caused by relative Klotho deficiency. This viewpoint explains numerous observations on phosphate metabolism in CKD that lack mechanistic insights [5] .
We determined the serum level of klotho (which reflects klotho gene expression) and FGF-23 in a crosssectional study in CKD, dialysis and renal transplant patients. Our objectives were to correlate serum klotho and FGF-23 with other variables that regulate phosphate metabolism and to find the best indicator of serum klotho.
Methodology
We studied 40 patients with CKD stage 2-5 on conservative treatment, 44 patients with ESRD who were stable on regular hemodialysis for at least 3 months prior to the study, 40 kidney transplant recipients (KTR) and 40 healthy controls. This study included patients of both sexes and different ages. The patients were recruited from the Outpatient Nephrology Clinic and Centre of Pediatric Nephrology and Transplantation (CPNT), Cairo University. Age-and sex-matched control subjects (23 males and 17 females with mean age 8.3 ± 3.74 years) who came for check-up were recruited from the outpatient general pediatric clinics for measuring the serum levels of klotho and FGF-23.
The following patients were excluded from the study: those with marked hypocalcemia (total serum calcium <7 mg/dl or ionized calcium <1 mmol/l), with unsatisfactory vascular access affecting dialysis adequacy, with combined organ transplantation, those who had total or subtotal surgical parathyroidectomy and those patients in whom the original disease was associated with an overproduction of vitamin D (1 patient was excluded because of sarcoidosis).
Vitamin D and calcium (Ca) supplementations, phosphate binders or calcimimetics were stopped 30 days prior to enrollment in the study. An informed written consent was taken from the patients' care providers before the study.
Patients were classified into 3 groups: group A: CKD patients, group B: ESRD patients on regular dialysis and group C: KTR.
The patients were enrolled in a cross-sectional study. The following data were collected from all patients: age, gender, original disease, medications that may affect Ca and phosphorus (P) levels, duration of dialysis for dialysis patients and duration of transplantation for KTR.
The Schwartz formula was used to calculate eGFR, while Kt/V was used to assess dialysis adequacy.
For all patients, blood samples were withdrawn (for hemodialysis (HD) patients; they were collected immediately after placing the dialysis needle and thus before start of dialysis in the middle of the week) for measuring the levels of serum Ca, P, alkaline phosphatase (ALP), 1,25 (OH) 2 D 3 , intact parathyroid hormone (PTH), FGF-23 and α klotho.
PTH was measured by immunoradiometric assay using Elecsys 2010 autoanalyzer system, Roche Diagnostics, Germany. Serum Ca, P and ALP were measured using the Synchron cx5 autoanalyzer, Beckman, USA.
Serum FGF-23 concentrations were measured using a secondgeneration, two-site, monoclonal antibody ELISA kit according to the manufacturer's procedure (Kainos Laboratories, Tokyo, Japan).
Serum klotho was measured by human Klotho ELISA kit, Catalogue number E2253h supplied from EIAab.www.eiab.com. The microtitre plate provided by the kit had been coated with an antibody specific to Klotho. Standards or samples were then added to the appropriate microtitre plate with a biotin-conjugated polyclonal antibody preparation specific for Klotho, and Avidin conjugated to the Horseraddish peroxidase was added to each microplate well and incubated. Then a TMB substrate solution was added to each well. Only those wells that contain Klotho, biotinconjugated antibody and enzyme-conjugated Avidin exhibited a change in color. The enzyme -reaction was terminated by the addition of a sulfuric acid solution and the color change was measured spectrophotometrically at W.L. of 450 nm. The concentration of Klotho in the sample was then determined by comparing the O.D. of the samples to the standard curve.
Statistical Methods
Quantitative parametric data were presented as mean and standard deviation, while quantitative nonparametric data were presented as median and inter-quartile range (IQR). Qualitative (Categorical) data were presented as frequencies and percentages. For multiple comparisons of several groups, ANOVA or the KruskalWallis test were performed. The Chi-square test was used to compare qualitative variables. The Spearman correlation coefficient was used to determine significant correlations between nonlinear quantitative data. Multivariate Linear regression analysis models were used to test for the preferential effect of the independent variable(s) on klotho level. The significance level was set at p < 0.05. Statistical analysis was performed with SPSS 16.0 (statistical package for scientific studies) for windows.
Results
Out of the 40 studied CKD patients, there were 4 patients (10%) CKD stage 2, 8 patients (20%) stage 3, 20 patients (50%) stage 4 and 8 patients (20%) stage 5 still under conservative treatment awaiting either dialysis or transplantation. The mean duration of dialysis was 2.28 ± 0.37 years (min. = 1 and max. = 5), while the mean duration after transplantation was 2.22 ± 0.95 years (min. = 1 and max. = 4). The mean Kt/V was 1.78 ± 0.62. Other characteristics of the studied patients are shown in table 1 .
The mean levels of FGF-23 and α klotho in the control group were 225.78 ± 111.05 pg/ml (range: 102.4, 418.5) and 6.78 ± 1.90 ng/ml (range: 4, 11), respectively.
It was found that FGF-23 was significantly increased and α klotho was significantly decreased in all patients when compared with those in the control group (p < 0.001, <0.001, respectively). Correlations between FGF-23 and α klotho with different parameters are shown in table 2 and figure 1 .
We found that there was an inverse significant correlation between serum Ca and α klotho in the studied groups A, B and C ( fig. 2 ) (p = 0.016, 0.019 and 0.001, respectively).
By using multivariate regression analysis to detect the independent predictors of klotho and FGF-23, we found that only Ca was an independent predictor for klotho in group A, while both eGFR and PTH were predictors of FGF-23 in the same group. In group B, age and Ca were predictors of klotho, while the duration of dialysis, Ca, P and PTH were independent predictors of FGF-23. In group C, age, Ca, P, FGF-23 and 1,25 (OH) 2 D 3 were the independent predictors of klotho, while Ca, PTH and klotho were predictors of FGF-23 ( table 3 ) .
Discussion
Recent identification of FGF-23 and its co-receptor klotho has modified our understanding of derangements of calcium-phosphate metabolism in CKD patients [6] . In this study, in agreement with many studies [7] [8] [9] [10] , we found that FGF-23 was significantly increased and α klotho was significantly decreased in CKD, dialysis pa- tients and even after renal transplantation when compared with those in the control group. CKD may be viewed as a state of FGF-23 resistance caused by the deficiency of klotho. This viewpoint explains why CKD patients fail to maintain phosphate homeostasis [2] . After renal transplantation, high FGF-23 accounts for hypophosphatemia and this negative correlation was observed in our study in agreement with Bhan et al. [11] . Also, this is supported by our observation that the longer the duration after transplantation was, the lower was the level of FGF-23 and hence phosphate level rises towards normal values. In CKD patients, it was found that as eGFR decreased, FGF-23 levels increased but this was not in parallel with decline in α klotho. However, according to our results, this correlation was not observed in HD patients. Most of studies show a progressive rise of FGF-23 with a decline of eGFR [12, 13] , but other studies give discrepant results about serum klotho (s-klotho) and CKD stages.
Sugiura and colleagues reported an elevation of s-klotho in 30 elderly CKD patients when compared to 10 healthy volunteers [14] . On the other hand, Pavik et al. showed a progressive decrease of s-klotho with increasing CKD stage [15] . A significant reduction of s-klotho has been shown in HD patients [16, 17] . In a recent large cohort study to determine the correlation between s-klotho and different CKD stages, Seiler et al. did not find a significant difference of s-klotho concentrations between CKD stage 2, 3a, 3b and 4 patients [6] . The process of measuring s-Klotho has methodological inadequacies, and quantification of membrane-bound Klotho on FGF-23 target cells would entail invasive diagnostic procedures, which is not achievable in large studies.
It is worthy of mention that membrane-anchored proteases releases membrane-bound Klotho into plasma, yielding s-Klotho, which can be measured in large-scale cohort studies [6] .
In CKD and HD patients, FGF-23 correlated positively to P and PTH and correlated negatively with 1,25 (OH) 2 D 3 . Several studies showed that higher FGF23 was consistently associated with lower eGFR, higher serum phosphate, higher fractional excretion of phosphate, and lower levels of 1,25-dihydroxyvitamin D independent of eGFR [12, 13] . The latter finding suggested that the primary mechanism of reduced 1,25-dihydroxyvitamin D levels in progressive CKD was inhibition by FGF23, rather than insufficient renal mass [5] . In patients with ESRD undergoing dialysis, FGF23 rises over time and often reaches levels that are >1,000-fold above normal [18] ; this finding, which is in agreement with our results, renders ESRD the clinical setting in which the highest levels of FGF23 have been reported.
We found that α klotho decreased with age in ESRD on regular dialysis and KTR but not in CKD patients. Age-dependent change in s-klotho levels has been previously reported in healthy subjects [19] as well as in pediatric CKD population [20] . Lack of homogenous pattern of age in the different studied groups may explain the absence of this correlation in CKD group.
We observed that in KTR, α klotho levels were higher than their levels in ESRD patients but still significantly lower than their levels in healthy volunteers. Different 298 studies failed to reach a definitive conclusion about s-klotho levels in KTR. In a recent study, Leone et al. found that KTR had higher s-klotho levels than healthy subjects [21] . On the other hand, Akimoto et al. found low levels of s-klotho after renal transplantation [22] . Experimental studies demonstrated that recombinant human erythropoietin treatment mitigates klotho reduction caused by renal damage [23] . Also, immunosuppressive protocols might modulate the release of s-Klotho from the grafts into the circulation [22] . So, s-klotho should be measured in the context with many other factors that may affect its level.
In univariate analysis, we did not find significant correlation between FGF-23 and α klotho in the studied groups. Only in the KTR group, by multivariate analysis, FGF-23 was an independent predictor of α klotho. The current data about the correlation between FGF-23 and s-klotho are inconclusive. Yamazaki et al. found an inverse correlation between α Klotho and FGF23 in a study performed on 142 healthy volunteers [20] . In another study carried out on 100 HD patients, there was a negative correlation between log FGF23 and log α klotho [24] . On the other hand, Seiler et al. [6] failed to demonstrate any correlation between FGF-23 and α klotho in their univariate analysis. Also, Wan et al. [20] found that log 25(OH) D was the only significant independent predictor of s-klotho levels in multivariate analysis in a study performed on 154 CKD patients. This contradiction in studies may be attributed to 2 reasons. First, the study performed by Yamazaki et al. was carried out on healthy volunteers and this explains why we found that FGF-23 was an independent predictor of klotho after renal transplantation and return of kidney functions to normal. Second, the currently available s-klotho assays measure soluble s-klotho that may not reflect the molecule in its membrane-bound state. The relationship between circulating and membrane-bound s-klotho, as well as the interaction between circulating s-klotho and FGF23 need to be explored.
We have shown a novel association between serum Ca levels and increased levels of α klotho in the different studied groups. Huang and Moe demonstrated novel features of klotho include its autocrine-paracrine-endocrine glycan-modifying enzymatic function in the urinary lumen on calcium and phosphate transporters. Klotho reduces calciuria in distal tubules by its sialidase activity, acting directly on the apical calcium channel. Desialidation of the channel uncovers glycan residues that promote binding to galectin-1, resulting in stabilization of residence on the plasma membrane [25] . Further studies are needed to explain this correlation in CKD and dialysis patients. Also, more research is needed to assess the correlations between Ca and klotho in healthy subjects.
Although the current study provided new information regarding serum soluble klotho, our results should be interpreted in the context of some limitations. First, the size of study population was small making subgroup analysis difficult and therefore, multiple linear regression analyses may not be the most appropriate procedure. Second, although we tried to eliminate some medications that may affect Ca and P metabolism, the data regarding soluble klotho may be modified by some medications such as renin-angiotensin inhibitors, recombinant human erythropoietin and immunosuppressive treatments. Third, as we mentioned earlier, the available s-klotho assays measure soluble s-klotho that may not reflect the molecule in its membrane-bound state.
In conclusion, although FGF-23 requires its obligate co-receptor membrane-bound klotho for its actions on peripheral tissues, we have shown that circulating s-klotho was not related to FGF-23 in CKD, dialysis and KTR patients. Also, we have demonstrated a novel association between serum Ca and s-klotho, which requires further studies.
